The quartic force field of acetylene was determined using the CCSD͑T͒ method ͑coupled cluster with all single and double substitutions and quasiperturbative inclusion of connected triple excitations͒ with a variety of one-particle basis sets of the atomic natural orbital, correlation consistent, and augmented correlation consistent types. The harmonic g bending frequency 4 and the corresponding anharmonicity 4 Ϫ 4 are both found to be extremely sensitive to the basis set used, in particular to the presence of a sufficient complement of diffuse functions. ͑Due to symmetry cancellation, the corresponding effect on the u mode, i.e., 5 and 5 Ϫ 5 , is much weaker.͒ Similar phenomena are observed more generally in bending modes for molecules that possess carbon-carbon multiple bonds. Tentative explanations are advanced. Our best computed quartic force field, which combines CCSD͑T͒/͓6s5 p4d3 f 2g/4s3 p2d1 f ͔ anharmonicities with a geometry and harmonic frequencies that additionally include inner-shell correlation effects, reproduces the observed fundamentals for HCCH, HCCD, DCCD, H 13 CCH, and H 13 C
I. INTRODUCTION
The rovibrational spectrum of acetylene is one of the best experimentally studied of all polyatomics. A detailed review of the extensive experimental literature is beyond the scope of the present paper: recent compilations can be found in Refs. 1-7. Currently, the best available spectroscopic quality force fields for C 2 H 2 are those published by Bramley, Carter, Handy, and Mills ͑hereafter denoted BCHM͒ in 1993. 1 These authors used a variational method for tetratomic molecules developed by Bramley and Handy 8 to calculate rovibrational band origins for several hundred experimentally available bands, and carried out a least-squares refinement of a Taylorseries internal coordinate force field. The latter was complete in the quartic and cubic constants but includes only 8 out of 23 symmetry-unique quartic force constants. Two solutions were found, denoted R1 and R2, neither of which is superior in all respects: the surfaces reproduce experimental term values up to the energy of two C-H stretch quanta with a mean absolute error ͑MAE͒ of about 3 cm
Ϫ1
. The starting point for these refinements was the older ͑1976͒ force field of Strey and Mills ͑SM͒, 9 which was refined using standard secondorder vibrational perturbation theory. 10 ͓The same constants as in the case of R1 and R2 were constrained to be zero, plus the off-diagonal bending constant 4x4y5x5y ͑see below͒.͔ As pointed out by SM, an older force field by Suzuki and Overend 11 does not obey cylindrical symmetry relationships for linear molecules, and therefore is not physical.
Although the R1 and R2 force fields provide good agreement with experimentally observed Jϭ0,1,2 transitions up to 10 000 cm
, with the typical root-mean-square ͑rms͒ error between 3 and 6 cm Ϫ1 , it is clear that these force fields are phenomenological in nature. That is, the quartic force constants constrained to be zero in the R1 and R2 force fields are certainly nonzero in reality, and thus the ability to predict as yet unassigned rovibrational transitions using the R1 and R2 force fields is limited. Moreover, empirically adjusted quartic force fields generated by partial or complete further refinement of very accurate ab initio force fields are now capable of achieving rms errors significantly Ͻ1 cm
. For example, starting with an accurate coupled-cluster quartic force field for formaldehyde 12 ͑which already predicted the fundamental vibrational frequencies to within Ϯ7 cm Ϫ1 ͒, Carter and Handy 13 have derived a refined force field that yields an rms error of only 0.8 cm Ϫ1 for 65 Jϭ0 vibrational levels, and it is clear that their refinement procedure is being limited by the quality of the experimental data. Furthermore, they arrived at a revised geometry 13, 14 in excellent agreement with recent ab initio calculations 15 that explicitly include inner-shell correlation. Independently, Sibert and co-workers, 16 using canonical Van Vleck perturbation theory, 17 refined another force field starting from the ab initio one, which fits 138 states with MAEϭ1.5 cm
; with these data in turn, Bouwens et al. 18 were able to assign a further 198 states from dispersed fluorescence spectra. A similar refinement starting from an ab initio force field 19 was very recently published for NNO. 20 Hence from the current state-of-the-art there is considerable room for improvement on the R1 and R2 force fields for C 2 H 2 , and the purpose of the present study is to begin this process by evaluating an accurate ab initio quartic force field.
Two other studies of particular relevance to the present project are those by Allen et al. 21 and Simandiras et al. 22 ͓A stretch-only anharmonic force field using the coupled electron pair approximation ͑CEPA͒ 23 was previously published by Botschwina. 24 ͔ As well as providing a review to earlier literature, Allen et al. were the first to determine a full quartic force field for C 2 H 2 , at the SCF level with basis sets ranging from double-zeta ͑DZ͒ to triple-zeta plus two polarization functions ͑TZ2P͒. Agreement with experiment and basis set convergence for such properties as the rotational l-doubling constants q 4 0 and q 5 0 ͑which only depend on the quadratic force field to second order in perturbation theory͒ and the rotation-vibration coupling constants ͑which depend on the quadratic and cubic, but not the quartic, force constants at second order͒ was within expectations for what was, after all, a fairly low-level calculation. In contrast, several of the anharmonic constants-particularly those involving the g bending mode 4 -were found to exhibit an unusual sensitivity towards the basis set, and to agree poorly with experiment even with the largest basis set used. ͑Older results at the SCF/DZP level 25 are fortuitously in good agreement with the experiment.͒
The study by Simandiras et al. 22 is particularly important here because it concerns potential difficulties in describing the vibrational bending motions of acetylene, particularly the g mode ( 4 ). Simandiras et al. showed that the bending modes of C 2 H 2 are very sensitive to the inclusion of f -type functions in the basis set, even when large spd sets are used. Since we are aiming for a highly accurate ab initio quartic force field, it is important that this problem with the bending modes be resolved. The resolution of this problem is discussed in detail later.
Over the past eight years several very accurate, purely ab initio quartic force fields have been published for polyatomic molecules ͑e.g., see Refs. 12, 19, [26] [27] [28] [29] , and references therein͒. Most of these highly accurate ab initio force fields have been determined using the singles and doubles coupled-cluster method 30 that includes a quasiperturbative treatment of the effects of connected triple excitations, denoted CCSD͑T͒, [31] [32] [33] together with one-particle basis sets of spd f or spd f g quality. Given the documented 34 reliability of the CCSD͑T͒ method, we have adopted this approach in order to determine an accurate quartic force field for C 2 H 2 . Details of the theoretical methods are given in Sec. II while the results and our discussion are presented in the following section. Conclusions are delineated in the final section.
II. COMPUTATIONAL METHODS
The CCSD͑T͒ method has been used in all electronic structure calculations. Unless otherwise noted, the carbon 1s-like molecular orbital has been constrained to remain doubly occupied in the CCSD͑T͒ calculations ͑i.e., the frozen core approximation͒. Several one-particle basis sets have been used in order to address the sensitivity with respect to the bending modes mentioned in the Introduction. The correlation-consistent valence triple zeta ͑cc-pVTZ͒ basis set due to Dunning 35 was utilized as was the larger correlation consistent polarized quadruple zeta ͑cc-pVQZ͒ basis. The ccpVTZ basis set is a ͓4s3 p2d1 f /3s2 p1d͔ contraction of a (10s5p2d1 f /5s2 p1d) primitive set, while the cc-pVQZ basis is a ͓5s4 p3d2 f 1g/4s3 p2d1 f ͔ contraction of a (12s6p3d2 f 1g/6s3 p2d1 f ) primitive set. We have used these basis sets extensively ͑e.g., Refs. 12, 19, 26-29 and 36͒ in computing accurate ab initio quartic force fields and found them to be very reliable with only a few exceptions. 37, 38 Unfortunately, these few exceptions are all related to the basis set sensitivity of bending vibrations in multiply bonded carbon systems ͑as pointed out in Ref. 22 , this basis set sensitivity with bending vibrations is found in molecules not containing carbon as well, but thus far the severe examples have only been found in multiply bonded carbon systems͒. Therefore, we have also employed atomic natural orbital ͑ANO͒ basis sets due to Almlöf and Taylor. 39 Almlöf et al. 40 have shown that the basis set sensitivity of the bending modes in acetylene for correlated calculations is greatly reduced using ANO basis sets, and thus they are a natural choice. In addition, we have also recently found 38 that the 4 and 5 out-of-plane bending modes of benzene, which bear some resemblance to the bending modes of acetylene, were calculated in excellent agreement with experiment using an ANO basis set while the cc-pVTZ basis set resulted in errors as large as 50 cm
Ϫ1
. The ANO basis sets used here are two different contractions of a (13s8p6d4 f 2g/8s6p4d2 f ) primitive basis set; the first such contraction, denoted ANO4321, is of ͓4s3 p2d1 f /4s2 p1d͔ quality, while the second one, denoted ANO54321, has contracted size ͓5s4 p3d2 f 1g/5s3p2d1 f ͔. ͑Details of the primitive functions and the contraction coefficients can be found in Ref. 39 .͒
In addition, we considered the augmented correlation consistent polarized valence n-tuple zeta basis sets aug-cc-pVnZ (nϭT,Q) of Kendall et al., 41 which differ from their regular cc-pVnZ counterparts in the addition of one ''diffuse'' ͑low-exponent͒ uncontracted function of each angular momentum present in the cc-pVnZ basis set. The acronym augЈ-cc-pVnZ, proposed by Del Bene, 42 refers to a combination of cc-pVnZ for hydrogen atoms and augЈ-cc-pVnZ for ''heavy'' atoms ͑in this case, carbon͒.
Furthermore, one geometry optimization was carried out with the cc-pV5Z basis set, 43 which is a ͓6s5 p4d3 f 2g1h/5s4 p3d2 f 1g͔ contraction of a (14s8p4d3 f 2g1h/8s4 p3d2 f 1g) primitive set.
Finally, the effects of correlating the carbon 1s core electrons has been investigated using the core-correlation ba-sis set of Martin and Taylor ͑MT͒. 44 This is identical to the cc-pVTZ basis set for H; for the C atom, it is obtained by completely uncontracting the cc-pVTZ basis set and adding one ''hard'' p function, three ''hard'' d functions, and two ''hard'' f functions. Their exponents are obtained by successively multiplying the highest exponent already present for that angular momentum by three and rounding to the nearest integer or half-integer. This basis set was previously found 15 to recover essentially the entire core correlation contribution to the properties of first-row molecules. In the present work, CCSD͑T͒/MTcore refers to calculations with the MartinTaylor basis set in which all electrons are correlated, while CCSD͑T͒/MTnocore stands for the same calculation, but with the (1s) type orbitals of carbon constrained to be doubly occupied. The difference between computed results at the two levels allows us to assess the differential contribution of inner-shell correlation to the various molecular properties.
For all calculations reported here, only the spherical harmonic components of the d, f , g, and h-type functions were included in the basis sets.
CCSD͑T͒ equilibrium geometries were determined with each basis set by repeated multivariate parabolic interpolation, until the predicted geometry change was Ͻ1.0ϫ10 Ϫ6 atomic units in both unique bond distances. Force constants were then determined by repeated central differences in symmetry-adapted internal coordinates. The symmetry coordinates used were ͑with the atoms being numbered sequentially͒: where abc x and abc y stand for linear abc bends in the xz and yz planes, respectively. The step lengths used were 0.01 Å for bond distances and 0.025 radian for angles. ͑The stability of the force constants with respect to the step sizes was verified for the cc-pVTZ basis set by repeating the entire calculation with different step sizes.͒ Energies were converged to essentially machine precision (10 Ϫ12 E h ). All unique quadratic, cubic, and quartic force constants in the D 2h nondegenerate subgroup were calculated explicitly: the degree to which the cylindrical symmetry relationships, Eqs. ͑4c͒-͑4f͒ in Ref. 9 , held for the transformed normal coordinate force field served as a check on the precision and internal consistency of our calculation. Quartic contamination was eliminated from the quadratic force constants.
The necessary displacements were made using the INTDER program, 45 after which the list of points was reduced to the 101 symmetry-unique ones.
The CCSD͑T͒ energy calculations were performed with the MOLPRO96 ͑Ref. 46͒ ab initio package running initially on a DEC TurboLaser 8200 at the Institute of Chemistry ͑He-brew University of Jerusalem, Israel͒, later on a DEC Alpha 500/500 workstation and an SGI Origin 2000 minisupercomputer at the Weizmann Institute of Science. In order to guarantee reproducibility to 10 Ϫ12 E h of the CCSD͑T͒ total energies, the following thresholds were found to be necessary: exponential prefactor for discarding primitive integrals 10
Ϫ16
, contracted integrals 10
Ϫ14
, SCF convergence 10 Ϫ20 ͑square of density matrix difference͒, CCSD equations 10
Ϫ12
. After the symmetry coordinate force field was obtained, it was transformed to Cartesian coordinates using INTDER, and spectroscopic constants and fundamental vibrational frequencies, as well as the force field in dimensionless normal coordinates, were obtained with a modified version of the SPECTRO ͑Refs. 47 and 48͒ program.
III. RESULTS AND DISCUSSION
A. Equilibrium structure, vibrational frequencies, and isotopomers CCSD͑T͒ equilibrium (r e ) bond distances, equilibrium rotational constants B e , vibrationally averaged ͑r z and r g ͒ bond distances, and vibration-rotation interaction constants ␣ ie (iϭ1Ϫ5) are listed in Table I . For comparison, experimental equilibrium bond distances are also given. 1, 9 The equilibrium bond distances determined with the cc-pVTZ, cc-pVQZ, and MT basis sets have previously been published in Refs. 15 and 49. Examining the equilibrium bond distances first, the reduction in the CH and CC bond distances on going from the cc-pVTZ to cc-pVQZ basis set ͑0.00 043 and 0.00 333 Å, respectively͒ are very similar to those observed on going from the ANO4321 to ANO54321 basis set ͑0.00 042 and 0.00 300 Å͒. We note that these reductions are also consistent with earlier studies of CCSD͑T͒ equilibrium geometries. 34, 49 Proceeding from the cc-pVQZ to the ccpV5Z basis set further reduces r(CH) by 0.00 035 and r(CC) by 0.00 078 Å. If we assume, as proposed by Feller, 50 that the basis set increments approximately follow a geometric series we can extrapolate from the CCSD͑T͒/cc-pVnZ (nϭT,Q,5) results to the CCSD͑T͒/cc-pVϱZ limit using the expression AϩB exp(ϪCn): this leads to a valencecorrelation infinite-basis limit r(CC)ϭ1.20 545 Å. ͓This expression blows up for r(CH) since the two increments are coincidentally nearly identical; we may however safely assume that the cc-pV5Z value for r(CH), 1.06 302 Å, is very close to the one-particle basis set limit.͔ As previously found by Martin, 15 the CH and CC bond distances decrease by 0.00 125 and 0.00 262 Å, respectively, due to the effect of core correlation. Best estimates for the C 2 H 2 equilibrium geometry may, thus be obtained by subtracting these increments from the suggested one-particle basis limit distances, yielding r(CC)ϭ1.2028 and r(CH)ϭ1.0618 Å, respectively. These values are in excellent agreement with those obtained directly at the CCSD͑T͒/MT core level, 1.2027 and 1.0621 Å, and both computed geometries agree excellently with the BCHM geometry of r(CC)ϭ1.2024 and 1.0625 Å. This type of agreement is consistent with that expected from the CCSD͑T͒ level of theory used in conjunction with spd f g one-particle basis sets 34, 49 after correction for core correlation. 15 There are many different ways to define ''experimentally observed'' geometrical parameters, or rather vibrationally averaged or distance averaged bond distances ͑e.g., see Ref. 51͒. The r z coordinate is known as the position average while r g is the distance average, 51 and both depend on the cubic force field. For C 2 H 2 , it is interesting to observe that the r z (CH) value is less than the r e (CH) quantity, while the opposite is true for the CC bond distance. For both bond distances, the r g value is larger than the respective r e quantity. Although it is unusual to observe a r z structure that is less than the r e value, these observations are valid for all of the force fields reported here. The corrections due to vibrational averaging are consistent among all of the five quartic force fields with only minor differences between the correlation consistent and ANO basis sets. Where there are small differences, the force field computed with the MT basis set gives a result more similar to that found with the correlation consistent basis sets, which is to be expected since the MT basis set derives from the cc-pVTZ basis.
The rotational constant and the vibration-rotation interaction constants are also consistent between the correlation consistent and ANO basis sets, with only minor differences. . Using our ''best estimate'' force field ͑see below͒ with the same reference geometry, we obtain slightly different rovibrational coupling constants ␣ i which lead to a calculated B 0 ϭ1.17 670 cm
Ϫ1
, in perfect agreement with experiment. The dependence of B e on small changes in the geometry is given numerically as B e ϭ1.18 245Ϫ0.55 618␦r(CH)Ϫ1.47 514␦r(CC), from which it also follows that B e is invariant under Ϫ␦r(CC)/␦r(CH)ϭ2.65 226. As a result, B e calculated from our best estimate geometry, with a r(CH) that is 0.00 030 Å shorter and a r(CC) that is 0.00 011 Å longer than the corresponding CCSD͑T͒/MT core values, yields the same B e value to five decimal places. We conservatively estimate the remaining error on the best estimate bond distances as 0.0003 Å; one source of error which we have not considered here would be the effect of the higher-order rovibrational coupling constants. Aside from clearly favoring the BCHM over the older SM geometry, the calculations appear to suggest that r(CC) in the BCHM geometry is slightly too short and r(CH) slightly too long.
As a more general observation, there is no reason based on the data contained in Table I to prefer either the correlation consistent or ANO basis sets, and further there is no indication that any of the cubic force fields are problematic.
The situation changes, however, when the harmonic and fundamental vibrational frequencies are examined ͑see Table  II , where experimental values are also given for comparison͒. Focussing on the the fundamentals first, the CCSD͑T͒ predictions for the vibrations, modes 1-3, are all in good agreement with experiment for each basis set, and the remaining error is completely consistent with expectations. 27, 34, 36 However, for the 4 ( g ) vibration, the prediction of the fundamental is significantly too high for the correlation consistent basis sets ͑i.e., cc-pVTZ, cc-pVQZ, and MT͒. The prediction of 4 for the ANO4321 and ANO54321 basis sets, on the other hand, is in much better agreement with the experiment, and in fact the CCSD͑T͒/ANO54321 value is only 1.6 cm Ϫ1 too low. Although the agreement among the various basis sets for 5 ( u ) is very good ͑the variation is only 1.4 cm
͒, it appears that this is fortuitous. That is, there is a larger variation of 6.0 cm Ϫ1 for the harmonic frequency 5 , with the ANO basis set values being slightly higher than the correlation consistent basis set values. This is consistent with the results for 4 where again the correlation consistent basis set values are too low. The problem with the bending modes is the one noted previously by Simandiras et al. 22 and it would appear that the correlation consistent basis sets are deficient, especially the smaller cc-pVTZ basis, in some way that is needed to properly describe these vibrational motions, particularly Table II͒ , it is apparent that the difficulty in describing the motion along the bending modes is not limited to the quadratic force field. For the correlation consistent basis sets, the ⌬ 4 value is much too large and worse, it has the wrong sign. Even for the ANO4321 basis set, ⌬ 4 has the incorrect sign, although it is very small. Only for the ANO54321 basis set does ⌬ 4 possess the correct sign. Consistent with the trend observed for the harmonic frequencies 4 and 5 , ⌬ 5 is too small for the correlation consistent basis sets, but this effect is dramatically reduced compared to that exhibited by ⌬ 4 . All of the other anharmonicities, ⌬ 1 , ⌬ 2 , and ⌬ 3 , are similar among the various basis sets ͑⌬ 1 decreases somewhat from the spd f basis to the spd f g basis, but this occurs for both the correlation consistent and ANO basis sets͒. To summarize, the CCSD͑T͒ harmonic and fundamental frequencies ͑and anharmonicities͒ clearly show that the ANO basis sets are to be preferred to the corresponding cc-pVnZ basis sets when computing a high quality ab initio quartic force field for a molecule exhibiting strong basis set sensitivity for bending frequencies. As mentioned previously, severe cases of this basis set sensitivity, thus far have only been observed for molecules possessing carbon-carbon multiple bonds. 37, 38 The deficiency for correlation consistent basis sets seems to be particularly severe for the smaller sets, such as ccpVTZ. Although the basis set sensitivity is apparent in the ANO4321 basis, it is dramatically reduced compared to the cc-pVTZ basis. The main respect in which the ANO4321 and cc-pVTZ basis sets differ is the much larger primitive set in the former. Considering carbon, the ANO4321 basis set is based on a larger 13s8 p primitive set relative to the ccpVTZ basis (10s5p), and although both use a general contraction scheme, the contraction coefficients are determined differently; in the case of cc-pVTZ as the (1s), (2s), and (2p) atomic orbitals with some of the outer primitives uncontracted, in the case of ANO4321 as the four and three atomic natural orbitals with the largest occupation numbers in the s and p symmetries, respectively. Probably the most significant difference, at least where the current study is concerned, is that the ANO4321 basis set contains many more primitive d f polarization functions ͑6d4 f , to be precise͒ which are contracted, as opposed to only uncontracted 2d1 f primitives in the cc-pVTZ basis set. It seems unlikely that the different methods for determination of the sp contraction coefficients is the primary source of error if one considers that the MTnocore calculations, which are plagued by the same problem, employ a superset of an uncontracted ccpVTZ basis set. Furthermore, it seems unlikely that the smaller sp primitive set ͑for cc-pVTZ relative to ANO4321͒ is a significant source of error since a large difference is found between the results from the cc-pVQZ and ANO54321 basis sets, for which the sp primitive sets-(12s6 p) and (13s8p), respectively-are much closer in dimension. This leaves the much larger number of d f ͓g͔ primitive functions included in the ANO ͓5͔4321 basis sets as the main difference for our purposes.
( g ). From the anharmonic corrections ͑the ⌬ values in
Comparison of the individual d and f primitive exponents in the cc-pVTZ and ANO4321 basis sets reveals that the latter cover a wider range in both the ''soft'' or ''diffuse'' ͑low-exponent͒ and the ''hard'' ͑high-exponent͒ direction. Since the hard side is covered in the MT basis set to accommodate core correlation and the CCSD͑T͒/MTnocore anharmonicities do not represent a real improvement over their CCSD͑T͒/cc-pVTZ counterparts, we can eliminate d f basis set incompleteness in the hard region as a source of the problem. This leaves us with the soft region: if incompleteness there were the culprit, CCSD͑T͒/augЈ-cc-pVTZ ͑Ref. 41͒ results might represent an improvement, or would at the very least yield significantly different results.
As is seen in Tables II and III , the augЈ-cc-pVTZ results indeed differ dramatically from their cc-pVTZ counterparts. 4 . The other i Ϫ i values are affected rather less, principally through changes in X i4 coupling constants.
While large effects of adding diffuse functions on computed harmonic frequencies ͓e.g., H 2 O and HF ͑Ref. 44͔͒ and even geometries ͓e.g., FNO ͑Ref. 54͔͒ of highly polar molecules have been known for some time, the present case is fundamentally different in two respects. First of all, while HCCH is a weak acid, the CH bonds are obviously not as polar as the FH bond in HF or the OH bonds in H 2 O. Secondly, even in the extreme cases mentioned, the anharmonicities are fundamentally unaffected by the addition of the diffuse functions-essentially all of the effect is seen in the harmonic part of the potential. In contrast, here we have a case where the contribution of diffuse functions is dominated by anharmonicity.
One reason why the cubic and quartic bending force constants in C 2 H 2 exhibit this strong basis set sensitivity ͑in addition to the quadratic force constants͒ may be that the nuclear contribution to the higher bending derivatives in acetylene will be rather small, while for higher derivatives of stretches it has been shown ͑e.g., see Ref. 55͒ that the nuclear contribution becomes more dominant for each progressive level of derivative. It is noteworthy that at the CCSD͑T͒/augЈ-cc-pVTZ level, the nuclear and electronic parts of the g potential are given ͑in E h ͒ by V N (S 4 Is the effect limited to one particular angular momentum? In order to investigate this, we have carried out a series of calculations in which the diffuse functions were intro-duced successively. As seen in Table IV , the contributions of sp, d, and f diffuse functions to 4 Ϫ 4 are comparable, even though the lion's share of the effect on 4 appears to come from the diffuse f function. The latter does not appear to affect the stretching harmonic frequencies at all; the dominant effect there is that of diffuse d functions.
The logical next step would then be to investigate the performance of the CCSD͑T͒/augЈ-cc-pVQZ level of theory. And as is seen in Tables II and III , this appears to resolve the issue entirely. The harmonic frequencies are in excellent agreement with those obtained at the CCSD͑T͒/cc-pVQZ level ͑since the latter basis set is more complete than ccpVTZ to begin with͒, except for 4 which goes up by almost 17 cm
Ϫ1
. The difference between the computed and experimentally derived values is now on the same order as the contribution of core correlation, suggesting that the computed 4 is near the valence correlation basis set limit. Much more striking is again the effect on 4 Ϫ 4 , which goes from Ϫ58.3 to ϩ9.8 cm
. 5 Ϫ 5 is affected much less, going up from ϩ10.1 to ϩ16.4 cm
. All of the fundamentals are now in the sort of agreement with experiment that we have come to expect.
As seen in Table IV , the effect is again not limited to a subset of angular momenta: even the diffuse g function makes an important contribution (8 cm
) to the anharmo- . This observation is consistent with the prescription that a ''correlation consistent'' set of diffuse functions contain all angular momenta present in the parent basis set, 41 as well as the observation that in such molecules as HF and H 2 O where diffuse functions significantly affect computed properties, all angular momenta contribute to the effect. 44 Contrary to the augmented cc-pVTZ calculations, effects on 4 Ϫ 4 do appear to diminish slightly with angular momentum.
Agreement between the computed anharmonic constants and those obtained by Temsamani and Herman ͑TH͒ 3 is very pleasing throughout, including X 44 , X 45 , and G 44 . Only for R 45 do we find a value which is about twice the experimental one. It should be noted here that R 45 is a small difference of large cubic and quartic terms with opposite signs, with the too large negative value suggesting that the quartic term, 4455 Ϫ /2, is somewhat too small. This in turn, combined with the fact that the value for 4455 ϩ ͑which occurs in X 45 ͒ is apparently unproblematic, suggests that 4x4x5x5x is still slightly too small and 4x4x5y5y slightly too large, the errors largely compensating each other in 4455 ϩ . Parallelling an approach previously used to great success for C 2 H 4 , 36 we can now add in the differential effect of core correlation on the harmonic frequencies ͓as obtained from comparing CCSD͑T͒/MTcore and CCSD͑T͒/MTnocore͔ to the CCSD͑T͒/augЈ-cc-pVQZ values to obtain best estimate harmonic frequencies. A spectroscopic analysis was then carried out based on the Cartesian CCSD͑T͒/augЈ-cc-pVQZ quartic force field, the best estimate harmonic frequencies, and the CCSD͑T͒/MTcore geometry. The results are given under the best estimate heading.
Agreement between computed and observed fundamentals speaks for itself: for the five symmetry-distinct fundamentals, the computed-observed differences are now Ϫ0.7, ϩ0.3, Ϫ1.9, Ϫ0.4, and ϩ1.6 cm
. . Detailed comparison of the anharmonic constants shows that these agree excellently between our best estimates and the experiment, except for the large X 13 which we compute about 3 cm Ϫ1 higher, and X 11 which we compute about 1.5 cm Ϫ1 lower. These two constants account for the difference between the computed and observed 1 Ϫ 1 and 3 Ϫ 3 . It would be tempting to regard our computed 1 and 3 as more reliable than the experimentally derived values.
A significant test for any spectroscopic quality force field is to see how it performs for various isotopomers. For example, we have shown that CCSD͑T͒/spd f quartic force fields predict fundamental vibrational frequencies of minor isotopomers to essentially the same degree of reliability as for the parent isotopomer for many molecules ͑see Refs. 27 and 34, and references therein͒. This property strongly indicates that the force field is very reliable and not simply fortuitously accurate for one isotopomer. Thus, in Table V , the best estimate harmonic frequencies, fundamental frequen-TABLE V. Best computed and observed zero-point energies, harmonic frequencies, fundamental frequencies, and anharmonicities (⌬ϭϪ) for different acetylene isotopomers, all in cm Ϫ1 . a The calculations employ the CCSD͑T͒/augЈ-cc-pVQZ quartic force field in conjunction with the CCSD͑T͒/MTcore geometry and our best estimate harmonic frequencies, obtained as ͑best͒ϭ͑augЈ-cc-pVQZ͒ϩ͑MTcore͒Ϫ͑MTnocore͒. cies, and anharmonicities (⌬ϭϪ) for DCCD and HCCD are presented together with experimental data for comparison. Comparison of theory and experiment for the fundamentals ͑the experimental observable͒ for DCCD shows differences of Ϫ0.1, 0.6, Ϫ1.1, Ϫ1.1, and 1.0 cm Ϫ1 for 1 -5 , respectively, which would be considered excellent agreement by any reasonable standard and is similar to the agreement noted earlier for the HCCH isotopomer. Agreement for the harmonic frequencies is of almost the same quality in this case, except for 1 which our calculation places 7.6 cm Ϫ1 higher than the experimentally derived value of SM. However, the latter is about 5 cm Ϫ1 lower than the most recent value 3 in the HCCH parent isotopomer, so it appears that the SM ''experimental'' 1 for DCCD is somewhat low.
For the HCCD isotopomer, the differences between computed and observed fundamentals are Ϫ2.2, 0.6, Ϫ0. 6 , compared to 0.9 cm Ϫ1 if only the three 12 C isotopomers are considered. And once more, the principal difference between our best computed harmonics and the SM values is found for 1 ͑the SM value being 10 cm Ϫ1 lower in both isotopomers͒. Except for possible significant higher-order anharmonicity effects ͑which are likely to be the most important for the CH stretches͒, the excellent agreement between theory and experiment for the direct observables ͑i.e., the fundamentals͒ strongly indicates that our best estimate harmonic frequencies are the more reliable. It is thus, clear that our best quartic force field is highly accurate in its own right, and that it should definitely be a good starting point for the sophisticated type of refinement procedure described by BCHM.
B. Anharmonic constants and quartic force fields
CCSD͑T͒ anharmonic constants obtained from the various basis sets are presented in Table III, while Table VI contains the quartic force fields in simple internal coordinates, numbered in the sequence r C 1 H 1 , r C 1 C 2 , r C 2 H 2 , sin H 1 C 1 C 2 , and sin C 1 C 2 H 2 , the latter two each with their x and y components. 60 Table VII contains the cubic and quartic normal coordinate force constants. For comparison, experimentally derived data 1, 3, 9 have been included in Tables  III and VI , and the SCF/TZ2P quartic force field from Ref. 21 has been included in Tables VI and VII. We note that the CCSD͑T͒/MT core and CCSD͑T͒/MT nocore data has been excluded from Tables VI and VII, since they are similar to the CCSD͑T͒/cc-pVTZ and CCSD͑T͒/cc-pVQZ results except for the quadratic force constants. Likewise, since there appears to be essentially no differential effect of core correlation on the anharmonicities, the CCSD͑T͒/MT core and CCSD͑T͒/MT nocore values have been omitted from Table  III. The CCSD͑T͒ anharmonic constants for modes 1-3 are similar for all of the basis sets used here. The largest variation occurs for the large CH-CH stretch coupling constant X 31 , and this is only 3.5 cm
Ϫ1
, about 3% of the actual value. As expected, the situation is different for the anharmonic constants involving the bending modes 4 and 5. There are very large variations for X 44 , with smaller but noticeable variations for X 45 , G 44 , and R 45 . The X 44 constant for the correlation consistent basis sets is much too large, which is why the ⌬ 4 anharmonic correction for these basis sets has the wrong sign. The ANO4321 value is much smaller, but still about twice as large as the experimental value: use of an ANO54321 basis set reduces the difference somewhat (1.2 cm ), incidentally by the same difference as exists between the augЈ-cc-pVTZ and augЈ-cc-pVQZ results. The latter is in excellent agreement with the experimental value of Pliva, 61 and somewhat below the TH value. 3 As for G 44 , all computed values except those with the augЈ-cc-pVTZ and augЈ-cc-pVQZ basis sets actually have the wrong sign, although the values with the ANO basis sets are very small and only differ about 1 cm Ϫ1 from the augЈ-cc-pVQZ result. The latter is in perfect agreement with the Pliva 61 value, but somewhat larger than the TH value. 3 For X 45 , the cc-pVTZ and cc-pVQZ results have the wrong sign, while the ANO values have the correct sign but are too small in absolute value. The augЈ-cc-pVQZ value is in excellent agreement with the different experimental values, while the augЈ-cc-pVTZ result is slightly too large in absolute value.
It is noteworthy that the variations with the different basis sets are much more moderate than in the case of X 44 or even G 44 . This is readily understood by turning to , respectively, for the cc-pVTZ and cc-pVQZ basis sets to 1040 and 974 cm Ϫ1 in the augЈ-cc-pVTZ and augЈ-cc-pVQZ basis sets, respectively. The ANO values are much lower than those obtained with the unaugmented correlation consistent basis set but appear to be still on the high side. Observing further that the value of X 44 is a sum of a large positive quartic and a large negative cubic contribution, the pathologically large change in X 44 is readily understood. Since the quartic contribution to G 44 , Ϫ 4444 /48, has a much smaller proportionality constant, it is obvious why a similar but weaker basis set dependency is seen here. The quartic term in X 45 equals 4455 ϩ /4, with 4455 ϩ ϭ( 4x4x5x5x ϩ 4x4x5y5y )/2. We see appreciable basis set dependence in 4455 ϩ , but of a much milder variety than in 4444 .
Some remarks are due on R 45 SPECTRO was eliminated by calculating the constant manually and checking the derivation of the analytical expression. One other possibility might be that higher order terms to R 45 are quite important: this possibility is less far-fetched than it may seem, since Temsamani and Herman 3 suggested a fairly strong dependence on the vibrational quantum number of the form R 45 ϭϪ6.090Ϫ1.315(v 4 Ϫ1) cm
-such a strong dependence on the vibrational quantum number v 4 would only occur if higher order effects were quite prominent. On the other hand, in a more recent study 4 on 41 pure bend states a much weaker dependence was found, R 45 ϭϪ5.942 (62) ϩ0.033(12)͓v 4 Ϫ1͔Ϫ0.167(31)͓v 5 Ϫ1͔ cm
, which makes that possibility rather less likely.
If we were to assume that the problem was with our computed 4455 Ϫ , however, the fact that 4455 ϩ is apparently sound at that level of theory ͑otherwise agreement with experiment for X 45 would be poor͒ in turn would suggest that 4x4x5x5x is slightly too small and 4x4x5y5y slightly too large.
Since iteratively changing the force field such that R 45 would match the Temsamani-Herman value without affecting the other spectroscopic constants becomes a onedimensional problem in symmetry coordinates, this can readily be achieved. The only force constants affected in the primitive internal coordinate force field are f 4444 , f 4x4x5x5x , f 4x4x5y5y , and of course f 4x4y5x5y ; their adjusted values are given as a footnote to The reason why the pathological basis set dependency that afflicts the g bend is almost entirely absent in the u bend becomes obvious once we consider the force constants in primitive internal coordinates f abcd and their relationship with those in symmetry coordinates F i jkl . Using the indices a and aЈ for the two individual bends, and defining S 4 ϭ(a ϪaЈ)/& and S 5 ϭ(aϩaЈ)/&, we easily obtain the following relationships:
where it is remembered 9 that:
Considering F 5555 and F 4444 , we find from Table VI that f 4444 , Ϫ f 4445 , and f 4x4x5x5x all drop as the basis set is improved, f 4444 exhibits the most pathological basis set sensitivity. In F 5555 , however, the basis set errors nearly cancel between the positive overestimate in ( f aaaa ϩ3 f axaxa Ј xa Ј x )/2 and the negative one in 2 f 4445 , while in F 4444 they amplify each other. For similar reasons, the basis set variation in F 4455 Ϫ is a lot smaller than that in F 4455 ϩ . For f aa and f aa Ј , we see that improving the basis set increases the former and decreases the latter. The net result is again that changes are amplified in F 44 , while they compensate each other in F 55 .
Most of the other force constants involving one or more instances of a or aЈ exhibit substantial changes with the basis set, although not nearly as severe as for f aaaa or f aaaa Ј .
The quadratic part of the CCSD͑T͒/augЈ-cc-pVQZ internal coordinate force field appears to agree quite well with the SM and BCHM ones, except for f 13 which the calculations predict to be almost zero, contrary to the values in the R1 and R2 force fields. In the cubic part, our computed values for f 112 and f 122 differ quite substantially from the experimentally derived force fields-several orders of magnitude more than could be expected from further basis set convergence. And the same appears to be the case for most of the off-diagonal constants, except for f 145 and f 245 . At least some of the discrepancy may be due to the fact that a number of quartic constants were constrained to zero in the SM and BCHM force fields.
Of these latter constants, the largest computed one is f 1112 at Ϫ1.58 aJ/Å: 4 most of the other ones are rather small. The quartic bending constants differ quite fundamentally, for reasons outlined above besides the fact that many manifestly nonzero quartic force constants involving the bendings were constrained to be zero in the experimental analysis.
Agreement between our CCSD͑T͒/augЈ-cc-pVQZ force field and the SCF/TZ2P one determined in Ref. 21 is very poor in both the internal and normal coordinate basis, showing again ͑see, e.g., Ref. 27͒ that the SCF level of theory is not adequate for determining highly accurate ab initio quartic force fields. Comparison of the CCSD͑T͒/augЈ-cc-pVQZ and SM quartic force fields shows some major differences, especially for the quartic force constants. The agreement between the CCSD͑T͒/augЈ-cc-pVQZ and SM force fields becomes progressively better on going from quartic to cubic to quadratic constants. The SM force field was, of course, constructed phenomenologically, and we must conclude that it possesses large deviations from the true molecular force field.
Having given a descriptive analysis of the basis set effects in some detail, we are left with the question as to their origin. In this context, the work of Almlöf et al. 40 is especially illuminating. These authors demonstrated a large basis set superposition error by calculating the ''bending'' frequencies of an N 2 molecule ͑isoelectronic with C 2 H 2 ͒ with two hydrogen ''ghost'' atoms ͑i.e., hydrogen basis sets centered on fictitious atoms͒. Rather than zero or near-zero values, they found a fairly large unphysical g bending frequency, which clearly suggests a basis set superposition error ͑BSSE͒ issue. ͑The corresponding effect along the u coordinate was found to be an order of magnitude smaller͒.
Since the much larger primitive basis of ANO basis sets compared to their cc-pVnZ counterparts of comparable size was found to lead to much smaller BSSEs ͑e.g., Ref. 62͒, it would make sense that this geometry-dependent BSSE effect would be much less prominent with ANO than with correlation consistent basis sets. Now we have seen in the previous section that diffuse functions apparently play an important role.
Our tentative explanation is as follows: Numbering the atoms in the sequence H 1 -C 1 -C 2 -H 2 , and considering the expansion of basis functions centered on H 1 in a series of basis functions centered on C 2 ͑not C 1 !͒, we can envisage that this expansion will have a significant component of lowexponent functions. ͓For instance, the radial maximum of a p z function with exponent ␣ along the z axis is given by 0.529 177(2␣) Ϫ1/2 Å. For this to have a maximum at r(CC)ϩr(CH), this would require ␣Ϸ0.0273, not qualitatively different from the diffuse p exponents of 0.03 569 and 0.03 218, respectively, 41 in the aug-cc-pVTZ and aug-ccpVQZ basis sets for carbon. Incidentally, this is the reason why calculations with basis sets containing diffuse functions on linear chain molecules are prone to near-linear dependence effects.͔ Now when we bend H 1 , the distance to C 2 will decrease, which will in turn shift the exponent range for expanding the H 1 basis functions around the C 2 center upwards. Now if the basis on C 2 were unsaturated in that region ͓e.g., a regular cc-pVQZ basis set for which the softest p exponent is 0.1007 ͑Ref. 35͔͒, it is not hard to see that the presence of basis functions on H 1 will cause an appreciable BSSE. Since bending the molecule would, for all intents and purposes, be tantamount to tuning the exponent of the ghost basis function, it then also is conceivable that the BSSE would be different at the displaced and original geometries. Given the small energy differences that we are talking about in the determination of particularly quartic bending force constants, even a fairly small effect would translate in a very substantial error on the force constant. And, obviously, the only really effective way of suppressing basis set superposition error caused by the absence of a particular function in the C 2 basis set would be to add it-preferably uncontracted.
In order to provide quantitative support for this hypothesis, we have evaluated the F 44 and F 55 force constants with a counterpoise correction. 63 That is, the calculation at both the linear and the bent geometries were carried out using a basis set containing two sets of hydrogen basis functions, one at the linear and one at the bent geometry. Due to nearlinear dependence problems, we were only able to carry out these calculations for the cc-pVTZ, augЈ-cc-pVTZ, and ANO4321 basis sets, and not for their spd f g counterparts. Even so, SCF and coupled cluster convergence were sufficiently compromised to necessitate increasing the step size by a factor of &. The results are given in Table VIII. As expected, the total energies are ordered ͓at the CCSD͑T͒ level͔ cc-pVTZϾaugЈ-cc-pVTZϾANO4321. The energy lowerings caused by adding hydrogen basis sets for two dummy hydrogen atoms in ⌸ g and ⌸ u displaced configurations are nearly identical and, interestingly, decrease in the order cc-pVTZϾANO4321ϾaugЈcc-pVTZ. The most important observation, however, is that the counterpoisecorrected values for F 44 are very similar with the three basis sets (0.151Ϫ0.152 aJ/rad 2 ), whereas the uncorrected values are, as noted above, very dissimilar. In other words, essentially all of the basis set sensitivity of F 44 can indeed be attributed to basis set superposition error. BSSE effects on F 55 , on the other hand, are much smaller, as is its basis set sensitivity.
Considering the force constants in primitive internal coordinates instead, we see that the uncorrected f aa spans a range from 0.241 to 0.249 aJ/rad 2 , which is much smaller in the corrected one, 0.247Ϫ0.249 aJ/rad 2 . The basis set variation in the coupling constant f aa Ј similarly gets reduced from 0.100Ϫ0.104 aJ/rad 2 for the uncorrected f aa Ј to 0.097 for all three counterpoise-corrected values. Thus, we see that BSSE leads to artificially low diagonal and artificially high offdiagonal bending constants, respectively: as noted above, these errors get more or less compensated in F 55 ϭ f aa ϩ f aa Ј , while F 44 ϭ f aa Ϫ f aa Ј gets systematically underestimated, with an exacerbated basis set sensitivity. In short, the entire phenomenon can indeed be reduced in terms of BSSE.
While near-linear dependence problems again prevented us from carrying out a similar analysis for the quartic bending force constants ͑this requiring two sets of hydrogen ghost atoms͒, the qualitatively incorrect double-well shape of the electronic part of the potential, E el. (S 4 ), when diffuse functions are omitted appears to be consistent with our analysis, since the effective exponent of the ghost diffuse function would presumably pass through an optimum upon bending. man also introduced a K 1;244 in their model, which they constrained to be equal to K separately, but that the fairly small total values of the individual constants result from near-cancellations between cubic and quartic terms, which the fairly crude model that underlies the xϪK relations 65 cannot reasonably be expected to reproduce.
C. Quartic resonances in HCCH
Summarizing, it would appear that, aside from the problems noted for R 45 ͑viz. 4455 Ϫ ͒ our best quartic force field is more than accurate enough to constitute a starting point for a force field refinement to experimental data.
IV. CONCLUSIONS
The quartic force field of acetylene has been computed at the CCSD͑T͒ level using a variety of one-particle basis sets, including correlation consistent, augmented correlation consistent, and atomic natural orbital basis sets.
Our best computed force field reproduces the experimental fundamentals ͑deperturbed for quartic resonance͒ for H 12 etry and harmonic frequencies that include an account for inner-shell correlation. No empirical parameters, scaling, or adjustment of any kind are involved. The most important ''2-2'' and ''1-3'' quartic resonance constants, K 2;345 , K 11;33 , and K 44;55 are computed in excellent agreement with the most recent experimental data by TH, 3 as are the anharmonicity constants X i j and the vibrational l-coupling constants G i j . A residual problem exists for the vibrational l-doubling constant, R 45 , which is consistently calculated as about twice the well-established experimental value.
Our best computed geometry, r e (CH)ϭ1.0621 and r e (CC)ϭ1.2027 Å, leads to equilibrium (B e ) and ground state (B 0 ) rotational constants that agree to four decimal places with experiment. Our computed geometry should therefore be accurate to about 0.0002 Å; it is very close to the one recently proposed by BCHM. 1 The g bending frequency 4 and the anharmonic constants X 44 and, to a lesser extent, G 44 and X 45 exhibit a pathological basis set sensitivity. Ordinary correlation consistent basis sets such as cc-pVTZ and cc-pVQZ lead to plainly absurd values of X 44 . This problem is strongly mitigated by using ANO4321 and ANO54321 basis sets and disappears altogether using the augЈ-cc-pVQZ basis set ͑and largely with the augЈ-cc-pVTZ basis set͒. The relatively good performance of ANO basis sets is explained by the fact that the outermost primitives involved in the various contracted functions have exponents comparable to those of the soft functions that make up the difference between the respective cc-pVnZ and augЈ-cc-pVnZ basis sets. Successive elimination of these soft functions reveals that their contributions to the computed anharmonicity 4 Ϫ 4 are comparable for all angular momenta.
Detailed inspection of the normal coordinate force constants and consideration of the dependence of X 44 , X 45 , and G 44 reveals that the unusual basis set dependence of these anharmonic constants is connected to a very steep basis set dependence of 4444 and, to a lesser extent, 4455 ϩ . An explanation of why X 55 ͑viz. 5555 ͒ does not appear to be affected is afforded by considering the dependence of the symmetry coordinate force constants F i jkl on the force constants in primitive internal coordinates f abcd . Large basis set increments are seen in f aaaa and f aaaa Ј , which enhance each other for the symmetrized combination F 4444 but largely cancel each other for F 5555 .
A tentative explanation for the importance of diffuse functions on the anharmonic force field of this molecule, with its relatively nonpolar bonds, is given in terms of geometry-dependent basis set superposition error.
Our best computed force field should be an excellent starting point for a further refinement by fitting against a large number of experimental band origins, along the lines of previous work for formaldehyde 12, 13, 16 and N 2 O ͑Refs. 19 and 20͒.
Note Added in Proof. After submission of the present paper, we received a preprint 70 of a study of DCCD similar to that reported in Ref. 3 for HCCH. On the same occasion, a similar study 71 on HCCD was also brought to our attention.
Our best computed sets of anharmonic constants for HCCD and DCCD are in excellent agreement with these studies ͑Table IX͒. This further solidifies our case concerning the accuracy of the present computed quartic force field.
